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Abstract. 13 
Experiments were established in the Burdekin Irrigation Area in north Queensland, 14 
Australia to measure whether yield improvements from breaking the sugarcane 15 
monoculture or fumigating the soil could be modified by the application of different 16 
rates of nitrogen (N) fertiliser. Experiments were conducted in consecutive crop 17 
cycles (Phase 1, planted in 1998 and Phase 2, planted in 2001) with the variety Q117 18 
sown in both Phases. The interaction between N rates/application strategies and 19 
rotation histories is discussed for the two plant crops in this paper. Histories consisted 20 
of alternate Crop, Bare Fallow or mixed grass-legume Pastures for periods of 42-66 21 
months, compared to continuous cane as plough-out replant without soil fumigation 22 
(PORP), or plough-out replant with soil fumigation (PORP-F). The N strategies 23 
involved combinations of N rates (0-180 kg N/ha) and application times (at planting, 24 
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90 days after planting (DAP) or applications split between these times) in Phase 1 and 1 
N rates (0-300 kg N/ha) in Phase 2. 2 
  Histories produced differing effects on N available to the cane crop and hence 3 
on response to N fertiliser. Some combinations of History and N rate were 4 
demonstrably N-limited, particularly in the PORP systems, and strong linear 5 
relationships between dry matter production or cane yield and crop N content could be 6 
developed. Critical N contents for dry matter production (R2 = 0.93) and fresh weight 7 
cane yield (R2 = 0.88) were 1.42 and 0.57 kg N/t, respectively. 8 
 Application of N fertiliser was shown to have significant impacts on both tiller 9 
addition (N applied at planting) and the retention of tillers to produce stalks that 10 
contributed to final cane yield (N applied 90 DAP). However, the application of 11 
fertiliser N had limited (Phase 1) or no (Phase 2) real capacity to provide the quantum 12 
of yield response to soil health benefits associated with breaking the sugarcane 13 
monoculture. Increasing N application rates above that required to optimise crop yield 14 
resulted in significant decreases in sugar content of cane and thus lower sugar yields.  15 
Yield increases resulting solely from improved soil health (i.e. exclusive of N 16 
response) were shown to constitute yield advantages averaging 15% (Phase 1) to 20% 17 
(Phase 2) compared to PORP. These effects were manifest early in the establishment 18 
of primary shoots in the plant crops in both phases, with the longevity of these 19 
benefits shown to be limited. Replanting cane after a three year crop cycle (plant, 1st 20 
and 2nd ratoon) on land that had previously been under Pasture, Crop, Bare Fallow or 21 
PORP-F histories (Phase 2, Cycle 2) showed carryover effects of histories on N 22 
availability and fertiliser N responsiveness, but limited yield impacts that could be 23 
attributed to residual soil health benefits. These results reinforce the importance of 24 
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crop rotation during breaks between sugarcane cycles to maintain soil health and 1 
improve crop productivity. 2 
Additional key words Soil fumigation, bare fallow, nitrogen fertiliser, shoot 3 
dynamics, critical N concentration. 4 
 5 
Summary Experiments were established in the Burdekin Delta Irrigation Area in NE 6 
Australia to explore the interactions between rotation history, achieved through breaks 7 
to the traditional sugarcane monoculture, and response to applied N fertiliser. 8 
Application of N fertiliser had significant impacts on both tiller addition and retention 9 
of tillers to produce stalks that contributed to final cane yield. However fertiliser N 10 
had limited or no capacity to provide the quantum of yield response due to soil health 11 
benefits associated with breaking the sugarcane monoculture. 12 
 13 
   14 
 15 
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Introduction 1 
In two previous papers, Garside and Bell (2011 a, b) demonstrated substantial yield 2 
improvements in terms of biomass production, cane and sugar yield when the long-3 
term monoculture was broken, soil was fumigated or biocides were applied to the soil. 4 
Despite the quantum of improvement in the following plant crop tending to increase 5 
with the length of break from sugarcane, differences between break durations were 6 
less pronounced in later ratoons. The yield increase over a crop cycle of plant and 7 
three ratoons averaged ~20% when one cane crop was missed (i.e. 6-12 months break: 8 
Garside and Bell 2011a). 9 
 In large part the yield improvements were due to the production of either more stalks 10 
per unit area and/or increased individual stalk weight (ISW).  The production of more 11 
stalks per unit area was largely associated with enhanced higher order tiller 12 
production more so than differences in the number of primary shoots that established 13 
(Bell and Garside 2005).  Although many of these higher order tillers were 14 
subsequently lost, and the loss was often greatest where the number of tillers 15 
produced was highest, differences did persist through to crop harvest. When stalk 16 
number differences were not recorded at harvest, responses to breaking the 17 
monoculture, fumigation or biocides were reflected in higher ISW. 18 
Given the importance of variation in tillering, tiller retention and subsequent 19 
stalk number in determining crop yield, further exploration of factors affecting these 20 
parameters in the different histories in these experiments are warranted. The most 21 
obvious effect is through impacts on nitrogen (N) availability. The propensity of 22 
grasses and grass crops, such as sugarcane, to tiller in response to increasing N 23 
availability has been well known for many years (e.g. Borden 1948; Langer 1963; 24 
Robson et al. 1988), and each of soil fumigation, biocide application and legume-25 
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based breaks can enhance the supply of mineral N to a subsequent crop. In the 1 
previous papers from this program Garside and Bell (2011a, b) reported on the 2 
response to breaks, biocides and fumigation (termed ‘histories’ in this paper) when a 3 
rate of N fertiliser typical of that used in the Australian sugar industry (140 – 180 4 
kg/ha N) was applied to all histories in an experiment. Those studies concluded that, 5 
given these standardised N inputs, crop growth responses were primarily attributable 6 
to the control of adverse soil biota and improved soil health. 7 
In this paper we examine this hypothesis more closely, given the likelihood of 8 
the different crop histories impacting on N availability. This exploration will 9 
determine to what extent the observed stimulation of tillering and subsequent yield 10 
improvement recorded was due to direct effects of histories on soil health through the 11 
control of soil pathogens (nematodes, fungi), an enhanced supply of N or a 12 
combination of both. The implications of this work are of great industry significance, 13 
because if effects are simply related to improved N availability, it may not be 14 
necessary to break the monoculture to improve productivity.  The simple addition of 15 
larger quantities of N fertiliser may achieve, in a plough-out re-plant (PORP) system, 16 
the same result as the breaks have produced. However, if the effects of N on tiller 17 
production can be replicated by breaks to the sugarcane monoculture it may be 18 
possible to substantially reduce the amount of fertiliser N applied to sugarcane 19 
following breaks without reducing productivity.  This latter approach has substantial 20 
contemporary appeal given the concerns about the impact of N fertiliser applied in 21 
Australian sugarcane cropping systems on water quality in the adjacent Great Barrier 22 
Reef lagoon (Webster et al. 2012).   23 
 This paper focuses on experiments conducted in the Burdekin Delta 24 
Irrigation Area, which produces the highest yields of any sugarcane area in Australia 25 
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with an average across the region of around 120 t/ha of cane. It has fertile soils, 1 
adequate irrigation water and high year-round radiation input of ≈20 MJ/m2 /day. In 2 
the rotation experiments described by Garside and Bell (2011 a, b) those in the 3 
Burdekin region included several N rates when sugarcane was replanted after breaks, 4 
fumigation or PORP. This provided an ideal opportunity to explore the interaction 5 
between N fertiliser rates and break/fumigation effects.  6 
 7 
Materials and methods: 8 
 Experimental layout and rotation histories 9 
The three experiments discussed in this paper have been referred to as Burdekin 1, 2 10 
and 3 in Garside and Bell (2011a, b), although in reality these studies represented 11 
different crop phases and rotation histories from subsets of plots managed at a single 12 
site. In each crop phase the 10 main plots (different histories) were arranged in a 13 
randomised complete block design with three replicates, with each main plot split to 14 
different N application rates or strategies in the sugarcane plant crop in each cycle. 15 
 The first crop phase (reported as Burdekin 1 in Garside and Bell (2011a) and 16 
lasting from 1998-2001) consisted of five pre-histories before establishment of the 17 
sugarcane plant crop. These consisted of alternate break crops (CR), a mixed 18 
grass/legume pasture (PR), an uncultivated bare fallow (BF) and two sugarcane 19 
monoculture treatments, one of which was a standard plough-out/re-plant (PORP) 20 
while the other was fumigated (PORP-F) prior to returning to sugarcane. This crop 21 
phase lasted for 3 years (ie. a plant crop and 2 ratoon crops), with main plots split to 22 
differing N application rates only in the plant crop. Thereafter all subplots received a 23 
common, industry standard N rate for the subsequent two ratoons. During the three 24 
year period of the first crop phase, the other 5 main plots were managed as 25 
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continuations of the different crop histories – CR, PR, BF and duplicate PORP 1 
(continuous cane) histories.  2 
 At the end of the first crop phase, all histories (sugarcane and breaks) were 3 
terminated with cultivation and the plots prepared for sugarcane planting with a total 4 
of 10 main plots. In this second crop phase, all main plots were split to different N 5 
rates during the sugarcane plant crop. 6 
The main plots in the 2nd crop phase (2001-2002) represented a factorial 7 
combination of cycle and history, with the new cane crop planted into similar histories 8 
(CR, PR, BF, PORP and PORP-F) that had either grown sugarcane for the last three 9 
years (a plant crop and two ratoons from 1998-2001, and referred to as Cycle 2) or 10 
were only freshly removed (Cycle 1). Previously (Garside and Bell 2011a, b) these 11 
phases had been analysed independently and referred to as Burdekin 3 and Burdekin 12 
2, respectively. 13 
 14 
 N management strategies in sugarcane phase 1 and 2 15 
In the first crop phase (Burdekin 1) all five histories (CR, PR, BF, PORP and PORP-16 
F) were split to four N treatments applied as ammonium nitrate, with treatments 17 
reflecting a combination of rates and timing of N application. These N treatments 18 
were (i) 0N, (ii) 50 kg N /ha applied at planting, (iii) 50 kg N/ha at planting plus an 19 
additional 130 kg N/ha applied 90 days after planting (DAP), and (iv) 0N at planting 20 
but180 kg N/ha applied 90 DAP.  Each sub-plot was 5 rows x 15 m, and all plots 21 
received 10 kg/ha P as single superphosphate at planting. 22 
 In the 2nd crop phase (Burdekin 2 and 3) all histories in Cycles 1 and 2 were 23 
split to three rates of N fertiliser  - 0, 150 and 300 kg N /ha applied as ammonium 24 
nitrate, hand broadcast and incorporated immediately prior to planting. The N rate 25 
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subplots were either 5 crop rows *12m in Cycle 1 or 10 crop rows * 12m in Cycle 2, 1 
and all plots received 20 kg/ha of P as single superphosphate at planting. Soil at the 2 
experimental site did not require potassium fertiliser. 3 
 4 
 Crop agronomy 5 
The fumigation, breaks and planting procedure are described in Garside and Bell 6 
(2011 a). Briefly, the cultivar Q117 was planted with a whole stalk planter in both 7 
crop phases, on August 21, 1998 (Phase 1) and September 6, 2001 (Phase 2).  After 8 
planting, and during crop growth, plots were furrow irrigated after every 90 mm net 9 
Class A pan evaporation, or as near as practically possible to that scheduling.  10 
 After plant cane harvest on September 1, 1999 the crop in Phase 1 was taken 11 
to a first ratoon and then to a second ratoon. Both ratoon crops were fertilised shortly 12 
after harvest with 200 kg N /ha applied as urea across all sub-plots, so there were no 13 
differential N rates applied to the ratoons.  It was expected that this high, blanket N 14 
rate would negate any residual effects of the differential N rates applied to the plant 15 
crop. After harvest of the second ratoon this phase was terminated and all plots were 16 
replanted in Phase 2.  17 
The plant crop from Phase 2 was harvested on September 10, 2002 after which the 18 
experiment was terminated. 19 
 20 
 Measurements and data collection 21 
Prior to establishing the sugarcane plant crops in 1998 (Phase 1) and 2001 (Phase 2) 22 
the soil in each plot was sampled in three locations and composited to quantify 23 
available mineral N (NO3-N + NH4-N, mg/kg) in the soil profile in depth increments 24 
of 0 – 10, 10 – 20, 20 – 30, 30 -50, 50 -70, and 70 – 90 cm. The samples were air-25 
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dried and sieved through a 2 mm sieve. They were then extracted in 2 M potassium 1 
chloride and analysed colorimetrically using method 7c2 (Rayment and Higginson, 2 
1992).  While all plots planted to sugarcane were sampled in the 1st phase in 1998, 3 
only Cycle 1 plots were sampled in the 2nd phase in 2001. 4 
The majority of crop measurements and data collection have been described 5 
by Garside and Bell (2011 a, b). Briefly, shoot/stalk counts were carried out at regular 6 
intervals at pre-determined sites in each plot. Areas of 2 rows x 5 m (Phase 1) and 3 7 
rows x 5 m (Phase 2) were selected at establishment and permanently marked.  8 
Shoot/stalk counts were carried out every 2 -3 weeks as time permitted and these 9 
areas were also used for the final yield assessment.  10 
 Shoot and stalk development in Phase 1 has been addressed to some extent by 11 
Bell and Garside (2005), although in this paper we give a more detailed analysis of 12 
the effects of N rate on the addition of tillers and subsequently on the proportion of 13 
tillers retained to contribute to the final stalk population at harvest. A detailed analysis 14 
of shoot development for Phase 2 (Cycles 1 and 2) is provided in this paper. Shoot 15 
data are reported as either total shoots, or disaggregated into primary (1o) shoots, 16 
tillers (2o and higher order) and tillers per 1o shoot for each sample date. Although we 17 
didn’t specifically count 1o shoots at each sample date, on the basis of shoot 18 
emergence and subsequent dynamics we deemed that all shoots present 41 DAP, 19 
before the appearance of any tillers, were the 1o shoot cohort, while any subsequent 20 
shoots were 2o and higher order tillers. Although there can be some conjecture as to 21 
whether some 1o shoots may have emerged after 41 DAP we believe that those 22 
numbers would have been very small relative to numbers present at that time, and as 23 
such would have minimal effect on our assessments of crop establishment. The 24 
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generally rapid increase in total shoot numbers in later measurement dates was 1 
attributed to the addition of 2o and higher order tillers on those 1o shoots. 2 
 Procedures for harvesting were also detailed in Garside and Bell (2011 a, b). 3 
Briefly, all stalks in the 2 rows x 5 m (Phase 1) and 3 rows x 5 m (Phase 2) sample 4 
area (i.e. 10-15m of crop row) were counted, cut at ground level and weighed. A sub-5 
sample of 15 – 20 stalks was then randomly selected and divided into millable stalk 6 
and tops (separated between the 5th and 6th leaf from the top of the plant). These sub-7 
samples were weighed and used to calculate percent millable stalk in each sample and 8 
from these data fresh weight millable stalk or cane yield (t/ha) was calculated. Two 9 
sub-sub samples, each of four millable stalks, were then randomly selected. The stalk 10 
and tops from one of these sub-sub-samples were mulched, weighed and then dried at 11 
700 C to constant weight to determine dry biomass.  The stalks from the other sub-sub-12 
sample were used to determine commercial cane sugar content (CCS) using the small 13 
mill technique (BSES 1984). 14 
 15 
Data Analysis 16 
Data were analysed using linear mixed models with either the ANOVA or REML 17 
procedures within GenStat (version 14). The Phase 1 experiment 1 was analysed as a 18 
split plot with five main plots (three break histories, PORP and PORP-F) and four N 19 
rates/application strategies as sub-plots using ANOVA. The Phase 2 experiment was 20 
initially analysed as a split plot with 10 main plots and 3 N rates. Appropriate 21 
transformations of the data were used to address violations of the assumption of 22 
homogeneity of variance in the residuals. The protected least significant difference 23 
(lsd) procedure was used to compare treatment levels when a term was significant. 24 
The level of significance was set at 5% for all testing.  25 
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 The duplicate PORP continuous cane treatments from Cycles 1 and 2 in the 1 
Phase 2 experiment were not statistically different to each other, and so were 2 
combined as a single treatment. The treatments in the Phase 2 data were then further 3 
investigated by partitioning the resulting nine crop management treatments, firstly 4 
into the three continuous cane treatments with different soil fumigation histories 5 
(never fumigated, freshly fumigated or fumigated before Phase 1), and secondly into 6 
the remaining 6 treatments which form a factorial structure of the three break types 7 
(CR, PR, BF) by crop Cycle : planted onto ‘fresh’ break histories (Cycle 1) or ‘old’ 8 
break histories followed by a three year cane cycle (Cycle 2). The interaction with N 9 




Mineral Nitrogen 14 
While the different break histories generated significant differences in NO3-N 15 
concentrations in the soil profile at sugarcane planting, these differences were not 16 
always statistically significant when NH4-N was considered with NO3-N in a measure 17 
of total mineral N. In the 1st sugarcane phase, profile NO3-N to 100cm was 18 
significantly lower in pasture (8 kg NO3-N/ha) and the continuous cane (PORP and 19 
PORP-F) treatments (12-14 kg NO3-N/ha) than in the alternate crop (grain legume) 20 
history (40 kg NO3-N/ha, which was, in turn, significantly lower than in the bare 21 
fallow (93 kg NO3-N/ha). However, when mineral N (the sum of NH4-N and NO3-N) 22 
was considered, similar trends were evident although not statistically different. In this 23 
case pasture (72 kg mineral N/ha) was intermediate between but still similar to the 24 
PORP and PORP-F treatments (57 and 89 kg mineral N/ha, respectively) but all 25 
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tended to be less than the other crop (125 kg mineral N/ha) and bare fallow (130 kg 1 
mineral N/ha) treatments. The most interesting observation was the different 2 
proportions of mineral N present as NO3-N in the different histories, with the Pasture, 3 
PORP and PORP-F (13-20%) having significantly lower proportions as NO3-N than 4 
the other Crop treatment (36%), which was in turn < Bare Fallow (71%).  5 
In the 2nd sugarcane phase, profile N was only determined in the Cycle 1 subset of 6 
treatments (i.e. fresh breaks or PORP). Results were slightly different to the 1st phase 7 
in that the profile NO3-N in the crop treatment (92 kg NO3-N/ha) was much greater 8 
than bare fallow (36 kg NO3-N/ha), although the pasture (13 kg NO3-N/ha) and 9 
continuous cane treatments (6 kg NO3-N/ha) were again very low. Unlike the Phase 1 10 
study in 1998, all profiles contained nearly undetectable NH4-N concentrations such 11 
that that there was no real difference between profile totals of mineral N and NO3-N 12 
in any history.  13 
Insert Fig. 1 near here. 14 
 15 
Shoot/stalk development 16 
 17 
Shoot and stalk dynamics for the 1st phase sugarcane plant crop have been reported to 18 
some extent in Bell and Garside (2005), although the focus was primarily on 19 
disaggregating overall shoot dynamics into effects on crop establishment and 20 
subsequent tiller initiation per established primary shoot (both parameters showed 21 
positive impacts of breaks and soil fumigation). We have re-examined these data from 22 
the perspective of total shoot number (Fig. 2a, b), but during the periods from crop 23 
establishment through to peak tiller numbers (~90-100 DAP, corresponding to the 24 
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time of N side dressings in selected treatments), and then from peak tiller number 1 
through to final harvest (tiller retention). 2 
Insert Fig. 2a, b near here 3 
  4 
Strong effects of rotation history and soil fumigation were evident in both crop 5 
establishment (PORP-F > Pasture/Crop/Bare Fallow > PORP) and tiller addition rates 6 
(PORP-F> Crop/Bare Fallow> Pasture> PORP). However, effects of N applied at 7 
planting were only evident in the later stages of tiller addition in the PORP and, to a 8 
lesser extent, the pasture rotation (Fig. 2a). These histories had the lowest starting 9 
profile NO3-N (Fig. 1a), with differences in both NO3-N and mineral N accentuated in 10 
the top 30cm of the soil profile (data not shown) which would have been of greatest 11 
significance to N supply in the early stages of crop growth. 12 
Later N applications significantly modified the effects of rotation history/soil 13 
fumigation on total shoot number through effects on tiller retention (Fig. 2b), although 14 
there were no significant differences between side dressings of 130 or 180 kg N/ha. 15 
The greatest impact of late N application was again in the histories with low starting 16 
soil N (i.e. PORP and Pasture), where the banding of 130 or 180 kg N/ha maintained 17 
shoot number at (PORP) or near (Pasture, 90%) maximum shoot numbers for the next 18 
100 days (and effectively through until harvest – Table 3). While at least part of this 19 
improved shoot retention may have been due to the lower peak shoot numbers 20 
established in these histories to begin with (Fig. 2a), the role of side dressed N in 21 
shoot retention in treatments with low starting soil N was important. In contrast, in the 22 
PORP-F and Crop/Bare Fallow histories where earlier effects of N at planting were 23 
not significant (Fig. 2a), the application of 130N or 180N side dressings was not able 24 
to prevent a significant reduction in shoot number (to 50% and 60% of peak shoot 25 
14 
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number, respectively), although there was still a trend for shoot numbers to be ~10% 1 
higher with side dressed N than without it, both 3 months after peak shoot number 2 
(Fig. 2b) and at harvest (Table 3).  3 
 There were also significant effects of cycle, history, history *cycle and N rate 4 
on total shoots/stalks at varying stages during the growing season in Phase 2 crops 5 
(Figure 3a, b). There was an initial interaction between crop cycle and rotation history 6 
on crop establishment (Fig. 3a), with greater numbers of 1o shoots established on 7 
‘fresh’ breaks/fumigation compared to the same break/fumigation histories after a 3-8 
year cane crop. The latter were not significantly different to PORP, and there were no 9 
significant impacts of N rate on establishment of 1o shoots (data not shown). 10 
 11 
Insert Fig 3a, b near here 12 
 13 
 Shoot dynamics in Phase 2 followed a similar pattern to Phase 1 crops (shown 14 
in Fig. 2a, b), although in this 2001 plant crop all N fertiliser was applied at planting. 15 
Once the crop had established, 2o and higher order tillers were added rapidly until 16 
approximately 100-120 DAP, with a subsequent rapid loss of tillers gradually 17 
transitioning into a slow decline in tiller numbers all the way through until harvest 18 
(Table 1 and Fig. 3b).  The application of N fertiliser increased tiller numbers from 67 19 
DAP through until harvest in all histories and crop cycles (Figure 3b), with 20 
consistently significant differences between 0 and 150 kg N/ha and a trend for a 21 
smaller but often statistically non-significant further increase when N rate was 22 
increased to 300 kg N/ha. Effects of N fertiliser were almost exclusively on tiller 23 
addition, with all N rates retaining a similar proportion of maximum tiller numbers 24 
through until final harvest (~77%). 25 
15 
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Insert Table 1 near here 1 
 2 
In a similar fashion to that observed for establishment of 1o shoots (Fig. 3a), 2o 3 
and higher order tiller numbers were always highest in the ‘fresh’ rotations/fumigation 4 
histories in Cycle 1 rather than in the PORP or Cycle 2 histories (Table 1). There were 5 
no significant differences between fumigation or rotation histories in either crop Cycle 6 
and there was no difference between any Cycle 2 history and PORP. The latter 7 
suggests that as observed in the establishment of 1o shoots (Fig 3a), there was no 8 
residual rotation/fumigation benefits after a three year cane crop. Interestingly, peak 9 
tiller numbers were observed 2-3 weeks later in Cycle 2 and the PORP treatments 10 
than the equivalent histories in Cycle 1, and while final tiller numbers were higher in 11 
Cycle 1 treatments at harvest, the overall tiller retention in Cycle 1 (average of 69%) 12 
was generally less than that in Cycle 2 (average of 80%) and PORP (88%).  13 
Further exploration of tiller production was undertaken by calculating the 14 
number of tillers for each primary shoot, but this proved relatively uninformative 15 
(data not shown). The only consistent significant differences were between crop 16 
Cycles once tiller numbers began to decline, with 15-30% more tillers per 1o shoot 17 
retained in Cycle 2 and PORP than Cycle 1 treatments. This observation was 18 
consistent with the much lower 1o shoot numbers established in those treatments.   19 
 20 
Biomass production 21 
Using biomass production in the PORP plant cane crops as a benchmark for the 22 
different crop phases (ie. 1998 and 2001 plant crops), productivity in the consecutive 23 
crop phases was slightly higher in the Phase 1 (1998) plant crop than in Phase 2 (viz. 24 
48.4 and 42.8 t/ha averaged over N rates in Phase 1 and Phase 2, respectively). In the 25 
16 
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1st crop phase (Table 2a) there were significant effects of history (all breaks and 1 
fumigation > PORP) and N application (0N < 50,0N < 0,180N< 50,130N), but there 2 
was no significant N*history interaction. The latter was somewhat surprising given 3 
the differences in preplant NO3-N that were recorded at that site, but perhaps less so 4 
when mineral N (NH4-N + NO3-N) was considered (Fig. 1).  Despite the lack of a 5 
significant N*history interaction, data did suggest the most substantial responses to 6 
increasing N rates (ie. 50 and 180 kg N/ha) were recorded in PORP (15% and 36%, 7 
respectively), with all other histories showing a much smaller maximum dry matter 8 
response (7-10%) that was often achieved with the 50N treatment (data not shown). 9 
Insert Table 2a, b near here 10 
 11 
In the Phase 2 (2001) plant crop (Table 2b), all N was applied at planting, 12 
rather than split between sowing and filling in, and dry matter showed a highly 13 
significant history*crop cycle*N rate interaction (Table 2b). The most biomass 14 
production was consistently recorded in the Cycle 1 treatments (‘fresh’ breaks or soil 15 
fumigation), with N responses in those treatments either non-existent (PORP-F and 16 
Bare Fallow) or relatively small (17% and 22% in the Crop and Pasture histories, 17 
respectively). There was a relatively consistent 21-29% more biomass for the average 18 
of Cycle 1 histories compared to PORP across all N rates, although the advantage 19 
over PORP tended to decrease with N rate in the PORP-F and Bare Fallow histories, 20 
remain relatively constant in the Crop history and increase with increasing N rate in 21 
the Pasture. 22 
Dry matter production in Cycle 2 treatments was generally similar to that in 23 
PORP, with the exception of very low biomass in the 0N, Bare Fallow history and 24 
consistently high biomass with low N rates in the Pasture history. In contrast to Cycle 25 
17 
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1 there was a very strong N response (76% increase) in the Bare Fallow and no N 1 
response in the Pasture history in Cycle 2. 2 
 3 
 Crop N accumulation 4 
Unfortunately crop N accumulation data were only available for the Phase 1 (1998) 5 
plant cane crop, where the only statistically significant differences in crop N uptake 6 
were related to N application rate. The ranking of average crop N contents was 0N (81 7 
kg N/ha) < 50 kg N/ha at planting (102 kg N/ha) < 180 kg N/ha applied as a split 8 
application (135 kg N/ha) or as a single application 90 DAP (147 kg N/ha). These 9 
crop N content figures allowed estimates of average fertiliser N recovery (additional 10 
N in crop biomass/fertiliser N applied) to be calculated. Results suggested recovery of 11 
N in crop biomass was generally low, with an average of 40% of the 50 kg N/ha 12 
applied at planting being taken up by the crop, versus somewhat lower recoveries by 13 
the split (50 + 130) kg N/ha application (30%) or the single 180 kg N/ha application at 14 
90 DAP (37%). In fact, the later 130 kg N/ha applied in the split application showed 15 
the lowest recovery of any of the application methods, despite this application being 16 
made at the beginning of stalk filling and rapid dry matter accumulation rates. 17 
 While differences in crop N contents between rotation histories and N rate * 18 
rotation history interactions were not statistically significant, the differences in soil N 19 
at planting (Fig 1) and the differences in biomass production between rotation 20 
histories (Table 2) suggested that differences in available N may have contributed to 21 
the differences in biomass production. We explored the relationship between crop N 22 
content and biomass production (Fig. 4) and were able to identify treatment 23 
combinations of N rate and rotation history where biomass production was clearly N-24 
limited, and those where further crop N accumulation did not result in additional 25 
18 
This is a post-print version of the following article: Bell, Michael (2014) Growth and 
yield responses to amending the sugarcane monoculture: interactions between break 
history and nitrogen fertiliser. Crop and Pasture Science, : . 
 
biomass accumulation. The treatment combinations in which biomass production was 1 
N limited consisted of all the 0N treatments with the exception of that in the Bare 2 
Fallow and Crop histories and the 50N treatments in the PORP and Pasture 3 
treatments.  4 
Insert Fig 4 near here 5 
 6 
 This analysis suggested that crop biomass exceeded 90-95% of the maximum 7 
achieved in the trial (59.1 t/ha) when crop N contents were greater than 85-90 kg 8 
N/ha. Indeed, a linear regression fitted to the data for crop N contents < 85 kg N/ha 9 
(i.e. mainly 0N treatments and the 50N treatments in the PORP and Pasture histories) 10 
suggested a crop N requirement of only 1.42 kg N/t dry biomass (R2 = 0.93). At crop 11 
N contents greater than this, there was no evidence of an N limitation to crop growth.  12 
 13 
Harvested yield and yield components 14 
Stalk numbers and individual stalk weight – In the Phase 1 experiment final stalk 15 
numbers were affected significantly by both history (PORP < Crop < Pasture, Bare 16 
Fallow and PORP-F) and N application rate/strategy (0N < 50N at planting < 180N in 17 
split or single late applications) but there was no history * N interaction (Table 3a). 18 
However in Phase 2 (Table 3b) there was a significant History * Cycle * N rate 19 
interaction that affected final stalk numbers. At optimum N rates in each history and 20 
crop cycle, the fresh breaks or soil fumigation of Cycle 1 had greater stalk numbers 21 
than the Cycle 2 treatments with the same history, with the latter generally not 22 
significantly different to PORP. The one exception to this was Cycle 2 Pasture 23 
treatment, in which stalk numbers were greater than in the other histories in Cycle 2 24 
and PORP, but not as high as the least effective history in Cycle 1 (i.e. the Bare 25 
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Fallow). While stalk numbers increased in response to the application of 150N in 1 
PORP and most histories in both Cycle 1 and 2, further significant responses to 300N 2 
were limited to the Pasture history in Cycle 1 and the PORP-F history in Cycle 2 3 
(Table 3). 4 
Insert Table 3a, b near here 5 
 6 
Individual stalk dry weight (ISDW) was less affected by treatment than stalk 7 
numbers in both Phase 1 and 2 experiments (Table 3). In Phase 1, ISDW was not 8 
affected by N rate/strategy, while ISDW in PORP and PORP-F < Pasture and Bare 9 
Fallow < Crop histories. In Phase 2 there was again no effect of N rate on ISDW. 10 
However there was a significant Cycle * History interaction in which, with the 11 
exception of the Pasture history, ISDWs in Cycle 1 were generally < Cycle 2 and 12 
PORP.  13 
The relationships between stalk number and ISDW in Phase 1 and Phase 2 14 
experiments all showed a general decline in ISDW with increasing stalk numbers, 15 
although the strength of this relationship was constrained by strongly N limited 16 
treatments in Phase 1 (PORP 0N and 50N) and Cycle 2 in Phase 2 (BF 0N), and by 17 
the unusual combination of both high stalk numbers and ISDW in the Pasture history 18 
with 300N in Cycle 2 (data not shown). In the case of treatments where growth was 19 
strongly N-limited it is likely there was inadequate N to allow the crop to accumulate 20 
sufficient dry matter to compensate for low stalk numbers by increasing ISDW. 21 
Conversely, it is possible that in-season N mineralization in the 300N treatment in the 22 
Pasture history in Cycle 2 of Phase 2 may have allowed the canopy to accumulate 23 
sufficient dry matter to support the higher stalk number without reducing ISDW.   24 
 25 
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Cane yield, ccs and sugar yield - Rotation/fumigation history had no significant 1 
impact on ccs in the Phase 1 plant crop (Table 4), so it was not unexpected that 2 
history had a similar significant impact on both cane and sugar yields. All histories 3 
produced higher yields than PORP, with slightly greater relative advantages in cane 4 
yields (23-28%) than in sugar yields (18-26%).  Nitrogen application rate/strategy 5 
produced significant impacts on all three parameters, with the magnitude of cane yield 6 
increases with increasing N rates (180N > 50N > 0N) eroded somewhat in sugar 7 
yields (180N > 50N > 0N) by a negative impact of increasing N rate on ccs, which fell 8 
from an average of 17.6% in the 0N treatments to 17.0% - 17.1% in the 180N 9 
treatments. As a result, the 21-22% yield advantage with 180N in cane yield was 10 
reduced to a 13-14% increase in sugar yields (Table 4).  11 
Insert Table 4 near here 12 
 13 
 Using a similar approach to that for the total dry matter production, we 14 
explored the relationship between crop N uptake (kg N/ha) and cane yield (Fig. 5) to 15 
determine where cane yields were limited by N availability, compared to other 16 
rotation/soil health effects. As with dry matter, there were a subset of treatments in 17 
which yields were strongly related to crop N uptake (all the 0N treatments with the 18 
exception of that in the Bare Fallow and Crop histories, and the 50N treatments in the 19 
PORP and Pasture histories), after which crop N uptake had no apparent impact on 20 
cane yield.  Within that subset of N-limited treatments, a strong linear relationship 21 
between cane yield and crop N content was able to be derived  (R2 = 0.88), with 0.57 22 
kg N needing to be accumulated by the crop to produce each t of cane yield. 23 
Insert Fig 5 near here 24 
 25 
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The Phase 2 plant crop also exhibited significant impacts of history and N rate 1 
on both cane and sugar yields and there was again a negative impact of increasing N 2 
rate on ccs, with  0N (16.4%) > 150N (16.1%) > 300N (15.9%). However there was 3 
also a highly significant History * Cycle * N rate interaction for both cane and sugar 4 
yield (Table 5). Cane yields increased significantly with N application in PORP, the 5 
Pasture history in Cycle 1 and all histories except the Pasture history in Cycle 2. 6 
There was generally no significant increase in cane yield when N rates increased from 7 
150 to 300 kg N/ha with the exception of the Pasture history in Cycle 1 and the Bare 8 
Fallow history in Cycle 2. At N rates that maximised yields in each Cycle and History 9 
combination, cane yields in Cycle 2 were very similar (average of 135.8 t/ha) and 10 
little different to those in PORP (130.3 t/ha), while those in Cycle 1 varied more 11 
widely (145 – 170 t/ha) but averaged ~20% greater yields than PORP. 12 
     Insert Table 5 near here 13 
 14 
The consistent negative effect of N rate on ccs moderated the differences seen 15 
in cane yield when sugar yields were assessed. There were few significant effects of 16 
increasing N rate on sugar yield, with the exception of the Crop and Bare Fallow 17 
histories in Cycle 2. At N rates that maximised yields in each Cycle and History 18 
combination, sugar yields in Cycle 2 were again similar (average of 22.1 t/ha), but in 19 
this case a little higher than in PORP (19.9 t/ha). Sugar yields in Cycle 1 were less 20 
variable than cane yields (24.1 – 25.7 t/ha) and averaged ~25% greater than PORP. 21 
 22 
Quantifying the N component of responses to rotation/soil fumigation  23 
Given the variation in starting soil N (Fig. 1) and subsequent crop responses to N in 24 
the various rotation/soil fumigation histories in both Phase 1 and Phase 2 plant crops 25 
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in terms of tillering (Table 1, Figs. 2 and 3), dry matter production (Table 2 and Fig. 1 
4) and cane and sugar yields (Tables 4 and 5 and Fig. 5), we attempted to quantify the 2 
proportions of the rotation/soil fumigation responses that were attributable to 3 
improved crop N status or to other (unidentified) ‘soil health’ factors using cane 4 
yields as an indicator. In Phase 1 we were able to clearly differentiate between N-5 
limited and N-adequate treatments on the basis of the relationship between cane yield 6 
and crop N content (Fig. 5), while in Phase 2 we used the test for significance of cane 7 
yield response/non-response to applied N to indicate the N status of each history * 8 
cycle * N rate combination (Table 5). The results of this analysis are shown in Fig. 6, 9 
in terms of both cane yield (t/ha) and relative yield advantage over PORP (%). 10 
     Insert Figure 6a, b near here 11 
 12 
 There are a number of key points from this analysis. Firstly, the yield ranges 13 
of the benchmark treatments in each Phase (ie. PORP and PORP-F) were very similar 14 
(Fig. 6a), especially when N limited treatments were excluded from the means (viz. 15 
133 and 129 t/ha for PORP and 154 and 154 t/ha for PORP-F in Phase 1 (1998) and 16 
Phase 2 (2001), respectively. There was also reasonable consistency in the 17 
performance of the Crop, Pasture and Bare Fallow histories in Phase 1 and Phase 2 18 
(Cycle 1), especially once N-limited subplots were excluded from the assessment. 19 
Yields in Phase 1 ranged from 145-157 t/ha while in Phase 2 Cycle 1 they ranged 20 
from 141 – 170 t/ha.  21 
Secondly, the clear advantage of ‘fresh’ breaks over PORP was demonstrated 22 
in both Phase 1 and Phase 2, while the residual value of replanted breaks in Phase 2 23 
(Cycle 2) was minimal.  24 
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Thirdly, removal of the N-limited subplots in this assessment either reduced 1 
the advantage of rotations/soil fumigation over PORP (Phase 1) or had very limited 2 
effects (Phase 2 Cycle 1). The difference was related to the stronger N responses in 3 
PORP in Phase 1, which was not expected on the basis of differences in starting NO3-4 
N or mineral N (Fig. 1). The strongest N limitations were observed in the replanted 5 
Bare Fallow history in Phase 2 Cycle 2, and the contrast with the lack of N limitations 6 
in ‘fresh’ Bare Fallows in both Phase 1 and Phase 2 was marked. 7 
 Finally, these data collectively suggest that the responses to rotation/soil 8 
fumigation history were almost exclusively (Phase 2) or predominantly (Phase 1) due 9 
to changes in ‘soil health’ rather than improvements in N status. The one exception to 10 
this was the Crop history in Phase 1, where > 60% of the rotation benefit was due to 11 
improved N availability. These ‘soil health’ benefits from what were extremely 12 
diverse management practices (bare fallows, pastures, annual crops and soil 13 
fumigation) represented yield advantages of 15-30% over PORP.   14 
15 
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Discussion 1 
The Burdekin Delta, where these experiments were conducted, is located on a very 2 
fertile alluvial flood plain, has luxurious supplies of irrigation water and high levels of 3 
incident radiation (≈ 20 MJ/m2 /day). While it is not surprising that the long-term 4 
average cane yield is a high 120 t/ha, results presented in this paper clearly show that 5 
‘yield decline’ (loss of productive capacity of sugarcane growing soils under long-6 
term monoculture) is as relevant in the Burdekin as it has been shown to be in other 7 
cane growing regions across the Australian industry (Garside and Bell 2011a). 8 
However, what this paper clearly demonstrates is the different roles played by N 9 
availability and a suite of broader ‘soil health’ considerations affected by crop rotation 10 
and soil fumigation.  11 
 Different crop rotations/soil fumigation histories have clearly impacted on soil 12 
mineral N availability at the time of cane planting (Fig. 1), while Moody et al. (1999) 13 
reported the impacts of these histories on soil organic matter content and hence 14 
mineralisable N reserves that would contribute to crop N uptake during the growing 15 
season. The ranking of total and particulate organic C reported in these rotation 16 
studies by Moody et al. (1999) was Pasture > Cane > Crop > Bare fallow,  and this 17 
was generally inversely related to NO3-N at planting (Fig. 1) and directly correlated to 18 
the requirement for N fertiliser to optimize crop production (Table 5 and Fig. 6). 19 
Perhaps the best demonstration of the contrasting effects of these histories on 20 
mineralisable N reserves was in Cycle 2 of the Phase 2 (2001) plant crop (Table 5). 21 
Despite identical fertiliser N and cane crop management during the preceding plant 22 
crop and 2 ratoons from 1998-2001, with each ratoon crop receiving fertiliser N 23 
equivalent to 200 kg N/ha, the soil N status and mineralisable N reserves were clearly 24 
much lower in the Bare Fallow and enhanced in the mixed grass-legume Pasture, 25 
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relative to the PORP systems. The depletion of organic N reserves in the 42 month 1 
Bare Fallow and the build up of these same reserves in the Pasture over the same 2 
duration resulted in cane yield responses to applied N fertiliser of 86% (Bare Fallow) 3 
and 2% (not statistically significant, Pasture), compared to a moderate 16% in PORP 4 
and 21% in PORP-F. 5 
 The extent to which increasing N fertiliser rates or modified application 6 
strategies could overcome yield limitations related to other soil health constraints (e.g. 7 
pathogen activity – Stirling et al. 2001; Pankhurst et al. 2005a) was clearly limited. 8 
The effects of detrimental soil biota were evident in crop establishment and the 9 
emergence of primary shoots (Figs. 2a and 3a), which was consistent with the 10 
conclusions by Pankhurst et al. (2005a) that the impact of these detrimental biota was 11 
most evident during early growth of the plant cane crop. Neither elevated soil mineral 12 
nor fertiliser N application at planting had any impact on this parameter, although 13 
both had a positive impact on subsequent tiller establishment on those primary shoots 14 
(Table 1 and Fig. 2a). In addition, improving N availability at about the time of peak 15 
tiller numbers with fertiliser N side dressings aided in tiller retention (Fig. 2b for 16 
PORP and Pasture and Fig. 3b averaged across histories), although impacts on final 17 
stalk numbers, while statistically significant, were relatively small compared to the 18 
impact on establishment. Indeed, differences in stalk populations at maturity were 19 
more consistent with relative differences in established primary shoots. This was 20 
consistent with a broader analysis of shoot and stalk dynamics of sugarcane in a 21 
variety of Australian rotation, fumigation and plant population studies reported by 22 
Bell and Garside (2005) that showed impacts of N availability on tillering were unable 23 
to mitigate effects of poor primary shoot establishment.  24 
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  While our analysis of the interactions between rotation history and N 1 
availability on establishment, tillering and tiller retention were consistent with other 2 
reports, the detailed experiments reported in this paper have allowed a clear 3 
identification of the proportion of the overall effects of rotation/soil fumigation 4 
reported by Garside and Bell (2011a) on biomass production and crop yield that was 5 
attributable to improved crop N acquisition during sugarcane plant crops. Using a 6 
combination of the relationships between crop N content and biomass production or 7 
yield in Phase 1 (Figs. 4 and 5) and the significance of the response to applied N in 8 
Phase 2 (Tables 2, 4 and 5), we were able to identify the yield impacts due to N in 9 
each rotation/fumigation history. Effects not attributable to N could not be linked to a 10 
single causal factor, but were related to the impact of those histories on broader ‘soil 11 
health’ improvement, with a significant proportion of that benefit likely to be due to 12 
improvements in soil biota (Stirling et al. 2001; Pankhurst et al. 2005a, b; Garside and 13 
Bell 2011b). The latter have been identified as due to both a reduction in pathogen 14 
populations at crop establishment and/or a reduction in the rate of re-establishment of 15 
cane-specific pathogens once the crop has been re-established (Pankhurst et al. 16 
2005b). As noted by both Pankhurst et al. (2005a) and Stirling et al. (2001), this re-17 
establishment of detrimental biota can occur quite quickly, especially in histories 18 
where pathogen populations have been reduced but there has been no accompanying 19 
improvement or at least maintenance of a pathogen-suppressive microbial community 20 
(Stirling et al. 2011). The lack of carry-over of non-N related benefits of breaks into a 21 
subsequent crop cycle in Cycle 2 Phase 2 (Table 5, and Garside and Bell 2011b) 22 
suggest none of the rotation treatments were able to shift the composition of the  23 
microbial community far enough for those effects to be long-standing. 24 
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Unidentified changes in ‘soil health’ were the dominant (Phase 1) or almost 1 
exclusive (Phase 2) cause of the rotation/fumigation effects in these studies, although 2 
there were some apparent inconsistencies between Phase 1 and Phase 2 results in 3 
terms of the relative importance and size of this ‘soil health’ component (Crop and 4 
Bare Fallow treatments – Fig. 6b). The latter differences may have been related to 5 
break duration (42 months in Phase 1 and 66 months in Cycle 1 of Phase 2). In other 6 
studies improved benefits of alternate Crop (grain legume) breaks have sometimes 7 
improved as break duration increased (Garside and Bell 2011a), while declining soil 8 
organic matter and associated microbial activity can erode the benefits of declining 9 
cane-specific pathogens as length of a bare fallow increases (Bell et al. 2006). 10 
Collectively, results suggest that the current sugarcane monoculture and associated 11 
management practices are having a serious negative impact on soil health, which is in 12 
turn seriously restricting cane crop performance. The fact that a variety of rotation 13 
breaks and soil fumigation can produce similar growth benefits (an average of 15-14 
20% increase over PORP in the plant crop) when crop N status is adequate may 15 
indicate that all are similarly effective at addressing the same limitation (eg. reducing 16 
cane-specific pathogen populations), with the similarity in establishment of primary 17 
shoots (Fig. 3a) supporting this hypothesis. However, the variation in the persistence 18 
of those benefits through a sugarcane crop cycle (pastures > crop> bare fallows and 19 
fumigation) reported in Garside and Bell 2011a) suggests these treatments have 20 
differing impacts on other soil health components that affect crop performance (e.g. 21 
Braunack et al. 2003), or on the subsequent re-establishment of soil pathogens 22 
(Stirling et al., 2002; Pankhurst et al. 2005b; Bell et al. 2006).  23 
Data collected in these experiments has also proved useful in determining the 24 
efficiency of recovery of applied N fertiliser in crop biomass and the critical N 25 
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requirement for both biomass production and cane yield, both of which are issues of 1 
significance to the Australian sugar industry for profitability and environmental 2 
considerations. The latter is particularly significant given the demonstrated evidence 3 
of high fertiliser N applications in the Australian industry impacting on N 4 
concentrations in receiving waters of the Great Barrier Reef World Heritage Area 5 
(Brodie et al. 2008).  6 
In the Burdekin Irrigation Area, average commercial N rates from 1996-2008 7 
ranged from 200 – 270 kg N/ha, while the commercial crops reported in a study of N 8 
application strategies by Thorburn et al. (2011) applied 315-325 kg N/ha. These 9 
ranges suggest the maximum rates of 180 kg N/ha applied in Phase 1 were relatively 10 
low, but those in Phase 2 (300 kg N/ha) were at the upper end of industry rates. In 11 
Phase 1 where we collected data on crop N contents, fertiliser N recovered in crop 12 
biomass averaged between 30% and 40% for the 180 kg N rate across all histories, 13 
although this did include treatments like the Crop, PORP-F and Bare Fallow, where 14 
cane yield responses to applied N were <10%. If the recovery calculations were 15 
restricted to the PORP and Pasture histories, in which cane yield responses to applied 16 
N were 45% and 20%, respectively, those recoveries were a little higher at 40-50% in 17 
PORP but still only 20-30% in the Pasture. These low recoveries in crop biomass 18 
suggest either substantial N fertiliser losses off site (via surface runoff, leaching or 19 
denitrification – Mitchell et al. 2001; Thorburn et al. 2003; Thorburn et al. 2010) or a 20 
strongly immobilising system that retains N in the soil organic matter pool. 21 
Interestingly, the crop N contents with no N fertiliser applied ranged from a low of 22 
only 55 kg N/ha (PORP) to between 105 and 110 kg N/ha (Crop and Bare Fallow) 23 
with Pasture (78 kg N/ha) and PORP-F (85 kg N/ha) intermediate. While the ranking 24 
of crop N contents was similar to that for profile NO3-N and mineral N contents at 25 
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planting (Fig. 1), the relatively low crop N contents suggest limited crop recovery of 1 
starting mineral N and/or poor recovery of in-season organic N mineralization in all 2 
rotation histories.   3 
The relationship between crop N content and dry matter production (Fig. 4) or 4 
cane yield (Fig. 5) for the N-limited subset of history * N fertiliser treatments allowed 5 
us to develop strong linear relationships that defined the internal N use efficiency of 6 
var. Q117 for each measure of crop production. The well defined but low N 7 
requirements derived from these relationships (i.e. 1.42 kg N/t dry biomass and 0.57 8 
kg N/t fresh weight cane yield) were surprising, but the value for cane yield was 9 
consistent with the 0.51 kg N/t cane yield recorded by Thorburn et al. (2011) for the 10 
N Replacement management system in 11 experiments over 2-5 crop cycles across the 11 
Australian sugar industry. Given non N-limited cane yields that were typically 150-12 
170 t/ha in the Phase 1 and Phase 2 rotation and soil fumigation histories in our 13 
studies, this would suggest a minimum internal N requirement of only 85-100 kg 14 
N/ha. When these values are considered in relation to typical N fertiliser application 15 
rates of at 200-270 kg N/ha, the relative N use inefficiency of these cropping systems 16 
is highlighted.  17 
While our data suggest the total internal N requirement of plant cane crops in 18 
the Burdekin may be low, and that rotation breaks may be effective in substantially 19 
reducing fertiliser N requirement, the extent to which breaks can reduce fertiliser N 20 
inputs will be inconsistent. Variation will be in response to differences in factors such 21 
as soil type, tillage, the duration between termination of the break and sugarcane 22 
planting and the rainfall/irrigation quantum and intensity between break removal and 23 
the early stages of cane crop establishment. All these factors will influence the rate of 24 
N mineralization from break crop residues and the extent of subsequent N loss due to 25 
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processes such as leaching and denitrification. This is illustrated by the variable 1 
response to short duration (6-12 months break from sugarcane) legume breaks 2 
reported in other studies (e.g. Bell et al. 2003; Garside et al. 2006; and Bell et al. 3 
2010). Under conditions favourable to legume N retention the need for N fertiliser in 4 
at least the subsequent plant crop was eliminated, whereas under conditions favouring 5 
legume N losses subsequent fertiliser N responses were strong. 6 
In addition to uncertainty about the quantum of N available to a sugarcane 7 
crop following a break, the data on tiller establishment and retention reported in this 8 
study (Figs. 2a, b and Fig. 3b) suggest timing of N availability may be at least as 9 
important as the quantity of N applied or available. This implies that in order to 10 
improve system N use efficiency, an improved understanding of N dynamics in 11 
tropical sugarcane systems will be required, most likely linked to real time diagnostic 12 
techniques to assess crop N status at key physiological stages (e.g. Rodriguez et al. 13 
2006). Once this capacity is available, research into split N applications, the impact of 14 
reduced N rates and/or controlled release N fertiliser products and the need for 15 
supplementary N fertiliser after legume breaks should provide significant advances in 16 
both agronomic efficiency and environmental performance.  17 
 18 
Acknowledgements 19 
The research reported in this paper was carried out as part of the Sugar Yield Decline Joint 20 
Venture program and was funded by the Sugar Research and Development Corporation, 21 
BSES Ltd and the then Queensland Department of Primary Industries. Technical support was 22 
provided at various times by John Berthelsen, Sue Berthelsen, Neil Halpin, Linda Phillips 23 
(nee Toovey), Christine Richards, Luca Pippia and Norm King, while several other colleagues 24 
made useful contributions. The experiments were carried out on the BSES Ltd Experiment 25 
31 
This is a post-print version of the following article: Bell, Michael (2014) Growth and 
yield responses to amending the sugarcane monoculture: interactions between break 
history and nitrogen fertiliser. Crop and Pasture Science, : . 
 
Station in the Burdekin. Statistical advice provided by Kerry Bell (DAFFQ) in analysing 1 
Phase 2 experiments in this paper is also acknowledged. 2 
 3 
References 4 
Bell MJ, Garside AL (2005). Shoot and stalk dynamics and the yield of sugarcane crops in 5 
tropical and subtropical Queensland, Australia. Field Crops Research 92, 231-248. 6 
Bell MJ, Garside AL, Halpin NV, Salter B, Moody PW, Park G (2010). Interactions between 7 
rotation breaks, tillage and N management on sugarcane grown at Bundaberg and 8 
Ingham. Proceedings of the Australian Society of Sugar Cane Technologists 31: 119-139. 9 
Bell MJ, Garside AL, Stirling GR, Magarey RC, Moody PW, Halpin NV, Berthelsen JE, Bull 10 
JI (2006). Impact of fallow length, organic amendments, break crops and tillage on soil 11 
biota and sugarcane growth. Proceedings of the Australian Society of Sugar Cane 12 
Technologists 28: 273-290. 13 
Bell MJ, Halpin NV, Garside AL, Moody PW, Stirling GR, Robotham BJ (2003). Evaluating 14 
combinations of fallow management, controlled traffic, and tillage options in prototype 15 
sugarcane farming systems at Bundaberg. Proceedings of the Australian Society of Sugar 16 
Cane Technologists 25: 17 (CD ROM). 17 
Braunack MJ, Garside AL, Bell MJ (2003). The effect of rotational breaks from continuous 18 
sugarcane on soil physical properties. Proceedings of the Australian Society of Sugar 19 
Cane Technologists 25, 16 (CD ROM).  20 
Borden RJ (1948). Nitrogen effects on the yield and composition of sugarcane. Hawaii 21 
Planter’s Record  52,1 – 51. 22 
Brodie J, Binney J, Fabricius K, Gordon I, Hoegh-Guldberg O, Hunter H, O’Reagain P, 23 
Pearson R, Quirk M, Thorburn P, Waterhouse J, Webster I, Wilkinson S (2008). 24 
Synthesis of evidence to support the Scientific Consensus Statement on Water Quality in 25 
the Great Barrier Reef. The State of Queensland (Department of the Premier and 26 
Cabinet), Reef Water Quality Protection Plan Secretariat, Brisbane, p 84. 27 
BSES (1984). Method 2, Pol – determination in juice (revised April 2001). In:, ‘The Standard 28 
Laboratory Manual for Australian Sugar Mills. Volume 2, Analytical methods and tables.’ 29 
pp. 1-2 (Bureau of Sugar Experiment Stations, Brisbane. Australia). 30 
Garside AL, Bell MJ (2011a). Growth and yield responses to amendments to the sugarcane 31 
monoculture: effect of crop, pasture and bare fallow breaks and soil fumigation on plant 32 
and ratoon crops. Crop & Pasture Science 62: 396 – 412. 33 
32 
This is a post-print version of the following article: Bell, Michael (2014) Growth and 
yield responses to amending the sugarcane monoculture: interactions between break 
history and nitrogen fertiliser. Crop and Pasture Science, : . 
 
Garside AL, Bell MJ (2011b). Growth and yield responses to amendments to the sugarcane 1 
monoculture: towards identifying the reasons behind the response to breaks. Crop & 2 
Pasture Science 62: 776 – 789.  3 
Garside AL, Berthelsen JE, Robotham BG, Bell MJ (2006). Management of the interface 4 
between sugarcane cycles in a permanent bed, controlled traffic farming system. 5 
Proceedings of the Australian Society of Sugar Cane Technologists 28: 118-128. 6 
Langer RHM (1963). Tillering in herbage grasses. Herbage Abstracts 33, 141 – 148. 7 
Mitchell AW, Reghenzani JR, Furnas MJ (2001) Nitrogen levels in the Tully River—a long-8 
term view. Water Science and Technology 43,99–105. 9 
Moody PW, Bramley RGV, Skjemstad JO, Garside AL, Bell MJ (1999). The effects of fallow 10 
and break crops on the quantity and quality of soil organic matter in cane soils. 11 
Proceedings of the Australian Society of Sugar Cane Technologists 21, 87-91. 12 
Pankhurst CE,   Blair BL, Magarey RC, Stirling GR, Garside AL (2005a) Effects of biocide 13 
and rotation breaks on soil organisms associated with the poor early growth of sugarcane 14 
in continuous monoculture. Plant and Soil 268, 255 – 269. 15 
Pankhurst CE, Blair BL, Magarey RC, Stirling GR, Bell MJ, Garside AL (2005b)   Effect of 16 
rotation breaks and organic matter amendments on the capacity of soils to develop 17 
biological suppression towards soil organisms associated with yield decline in sugarcane.   18 
Applied Soil Ecology 28, 271 – 282. 19 
Rayment GE, Higginson FR (1992). Australian Laboratory Handbook of Soil and Water 20 
Chemical Methods.  Melbourne Australia Inkata Press, a Division of Butterworth - 21 
Heinemann 22 
Robson MJ, Ryle GJA,Woledge J (1988). The grass plant – its form and function. In M.B. 23 
Jones and A. Lazenby (ed.), The Grass Crop. Chapman and Hall, London. pp25 -83. 24 
Rodriguez D, Fitzgerald GJ, Belford R, Christensen LK (2006). Detection of nitrogen 25 
deficiency in wheat from spectral reflectance indices and basic crop eco-physiological 26 
concepts. Australian Journal of Agricultural Research 57, 781-789. 27 
Stirling GR, Blair BL, Pattemore JA, Garside AL, Bell MJ (2001). Changes in nematode 28 
populations on sugarcane following fallow, fumigation and crop rotation, and 29 
implications for the role of nematodes in yield decline. Australasian Plant Pathology 30, 30 
232-235. 31 
Stirling GR, Blair BL, Wilson E, Stirling AM (2002). Crop rotation for managing nematode 32 
pests and improving soil health in sugarcane cropping systems. Proceedings of the 33 
Australian Society of Sugar Cane Technologists 24, 129,134. 34 
33 
This is a post-print version of the following article: Bell, Michael (2014) Growth and 
yield responses to amending the sugarcane monoculture: interactions between break 
history and nitrogen fertiliser. Crop and Pasture Science, : . 
 
Stirling GR, Raimes E, Stirling AM, Hamill S (2011). Factors associated with the 1 
suppressiveness of sugarcane soils to plant-parasitic nematodes. Journal of Nematology 2 
43, 135-148. 3 
Thorburn PJ, Biggs JS, Collins K, Probert ME (2010) Using the APSIM model to estimate 4 
nitrous oxide emissions from diverse Australian sugarcane production systems. 5 
Agricultural Ecosystems and the Environment 136, 343–350 6 
Thorburn PJ, Biggs JS, Webster AJ, Biggs IM (2011). An improved way to determine 7 
nitrogen fertiliser requirements of sugarcane crops to meet global environmental 8 
challenges. Plant and Soil 339, 51-67. 9 
Thorburn PJ, Biggs JS, Weier KL, Keating BA (2003) Nitrate in groundwaters of intensive 10 
agricultural areas in coastal Northeastern Australia. Agricultural Ecosystems and the 11 
Environment 94, 49–58. 12 
Webster AJ, Bartley R, Armour JD, Brodie JE, Thorburn PJ (2012). Reducing dissolved 13 
inorganic nitrogen in surface runoff water from sugarcane production systems. Marine 14 








This is a post-print version of the following article: Bell, Michael (2014) Growth and yield responses to amending the sugarcane monoculture: 
interactions between break history and nitrogen fertiliser. Crop and Pasture Science, : . 
 
Figure 1. Profile nitrate-N (kg NO3-N/ha) or the sum of NH4-N and NO3-N (kg total mineral N/ha) to a depth of 100cm at cane planting in Phase 1 (1998) 1 
and Phase 2 (2001) sugarcane plant crops. Data from the Phase 2 histories are shown for Cycle 1 treatments only (i.e. freshly removed breaks). Vertical 2 
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Figure 2. Impacts of rotation/fumgation history and N fertiliser application rate/strategy in Phase 1 treatments on (a) crop establishment and tiller addition 1 
(from planting until 100 DAP), and (b) tiller loss and establishment of the final stalk cohort (from maximum tiller number at 80 DAP until 185 DAP). The 2 
Crop and Bare Fallow histories have been combined due to their similarly high soil mineral N contents at planting and patterns of tiller addition and loss. 3 
Vertical bars indicate the History * N rate interaction LSD if significant, while main effects of History or N rate/management are indicated at each 4 
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Figure 3 Impacts of treatment on (a) establishment of 1o shoots in response to interactions between rotation history and crop cycle, and (b) the establishment 1 
and retention of 2o and higher order tillers in response to N fertiliser application in the Phase 2 experiment in 2001, pooled across rotation histories. 2 
Vertical bars indicate lsd (P<0.05). 3 
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 Figure 4. Relationship between crop N content (kg N/ha) and dry biomass production for the Phase 1 sugarcane plant crop. Data represent the means of  1 
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Figure 5. Relationship between crop N content (kg N/ha) and fresh weight cane yields (t/ha) for the Phase 1 sugarcane plant crop. Data represent the means 1 
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Figure 6. The contribution of N availability and unidentified ‘soil health’ benefits to cane yields from treatments with differing rotation/soil fumigation 1 
histories in Phase 1 (1998) and Phase 2 (2001) sugarcane plant crops. Responses are plotted as (a) absolute cane yields, or (b) the yield advantage relative 2 
to the PORP standard in each growing season, and are shown as either the average for all treatments in each rotation/soil fumigation history or only those 3 
treatments that were not limited by N availability.  4 
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Table 1 – The interaction between rotation/fumigation history and crop cycle on the temporal 1 
changes in sugarcane tiller numbers (tillers/m2) during the Phase 2 plant cane crop. LSD 2 
(P<0.05) values are indicated for sampling dates when the rotation history * crop cycle 3 
interaction was significant; ns indicates no significant difference.  4 
 5 
Cycle History Time (days after planting) 
41 54 67 81 97 118 172 208 342 
 PORP  0 0.47 1.32 3.43 4.40 4.91 4.33 4.25 4.31 
           
1 Bare Fallow 0 0.61 3.95 7.87 8.27 7.80 6.06 5.92 5.20 
1 Crop 0 0.54 3.83 7.82 9.24 8.21 6.70 6.58 6.00 
1 Pasture 0 0.77 3.51 7.19 8.30 8.08 6.11 5.99 5.87 
1 PORP-F 0 0.73 4.25 6.91 8.01 7.91 6.00 5.82 6.23 
           
2 Bare Fallow 0 0.53 1.20 2.63 3.35 3.92 3.75 3.91 3.41 
2 Crop 0 0.52 1.40 3.24 4.21 4.93 4.20 4.47 3.86 
2 Pasture 0 0.53 1.65 4.32 5.45 5.18 4.36 4.52 3.80 
2 PORP-F 0 0.68 1.56 3.71 4.80 4.84 4.50 4.82 4.08 









This is a post-print version of the following article: Bell, Michael (2014) Growth and 
yield responses to amending the sugarcane monoculture: interactions between break 
history and nitrogen fertiliser. Crop and Pasture Science, : . 
 
Table 2 - Total dry matter (t/ha) for the (a) Phase 1 (1998) and (b) Phase 2 (2001) sugarcane 1 
plant crops. Data for the Phase 2 crop were transformed (log (X-15)) to achieve homogeneity 2 
of error variances, with back-transformed means shown in parentheses. Different letters 3 
denote significantly different means in Phase 1, while an LSD (P<0.05) is shown for 4 
comparison of the transformed means the History * Cycle * N rate interaction in Phase 2.  5 
(a) 6 
Effect of history Effect of N rate/application strategy 
 Dry matter (t/ha)  Dry matter (t/ha) 
PORP 48.4 a 0N 50.3 a 
PORP-F 
59.3 b 
50N (plant) + 0N 
(side dress) 54.4 b 
Pasture 
60.6 b 
50N (plant) + 130N 
(side dress) 59.0 c 
Crop 
55.7 b 
0N (plant) + 180N 
(side dress)   57.7 bc 
Bare Fallow 59.8 b   
 7 
(b) 8 
History Cycle Transformed dry matter (equivalent means, t/ha) 
  0N 150N 300N 
PORP   3.21 (39.8) 3.36 (43.8) 3.40 (44.9) 
     
PORP-F  1 3.70 (55.6) 3.75 (57.4) 3.73 (56.5) 
Pasture  1 3.57 (50.6) 3.67 (54.1) 3.85 (62.0) 
Crop  1 3.54 (49.4) 3.61 (52.1) 3.76 (57.7) 
Bare Fallow  1 3.54 (49.5) 3.51 (48.5) 3.60 51.6) 
     
PORP-F 2 3.28 (41.5) 3.46 (46.8) 3.49 (47.7) 
Pasture 2 3.56 (50.1) 3.58 (50.7) 3.51 (48.4) 
Crop  2 3.22 (39.9) 3.53 (49.0) 3.43 (46.0) 
Bare Fallow 2 2.43 (26.3) 3.23 (40.3) 3.45 (46.3) 
LSD (P<0.05)  0.13 
9 
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 1 
Table 3 – Variation in final stalk number (stalks/m2) and individual stalk weight (kg/stalk) at 2 
harvest in response to rotation/fumigation history, and N fertiliser application in the (a) Phase 3 
1 plant crop and (b) the Phase 2 plant crop. Stalk number data in Phase 2 were transformed 4 
(log (X-2.5)) to achieve homogeneity of variance, with back transformed means shown in 5 
parentheses.  6 
(a) Phase 1 7 
Effect of history Effect of N rate/application strategy 
 Stalks/m2 Individual 
stalk dry 
weight (kg) 
 Stalks/m2 Individual 
stalk dry 
weight (kg) 
PORP 5.75 0.73 0N 5.6 0.80 
PORP-F 
7.18 0.72 
50N (plant) + 
0N (side dress) 6.23 0.77 
Pasture 
6.63 0.80 
50N (plant) + 
130N (side 
dress) 6.81 0.76 
Crop 
6.17 0.84 
0N (plant) + 
180N (side 
dress) 6.83 0.75 
Bare Fallow 6.71 0.78    
LSD (P<0.05) 0.56 0.09  0.40 ns 
 8 
(b) Phase 2 9 
History Cycle Stalk number (m2) Individual stalk 
dry weight (kg) 
  0N 150N 300N Mean of N rates 
PORP   1.025 (5.29) 1.192 (5.79) 1.297 (6.16) 0.748 
      
PORP-F  1 1.690 (7.92) 1.878 (9.04) 1.845 (8.83) 0.660 
Pasture  1 1.494 (6.95) 1.666 (7.79) 1.879 (9.05) 0.741 
Crop  1 1.633 (7.62) 1.828 (8.72) 1.867 (8.97) 0.641 
Bare Fallow  1 1.493 (6.95) 1.597 (7.44) 1.698 (7.96) 0.675 
      
PORP-F 2 0.961 (5.11) 1.166 (5.71) 1.492 (6.95) 0.779 
Pasture 2 1.267 (6.05)    1.320 (6.24) 1.381 (6.48) 0.797 
Crop  2 0.877(4.90) 1.317 (6.23) 1.317 (6.23) 0.783 
Bare Fallow 2 0.129 (3.64) 1.193 (5.80) 1.269 (6.06) 0.742 
LSD (P<0.05)  0.149 0.086 
10 
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Table 4 - Cane yield (t/ha), CCS (%) and sugar yield (t/ha) for sugarcane grown after 1 
contrasting rotation histories or soil fumigation in the Phase 1 (1998) experiment. Each 2 
history was split to N rates applied at planting and/or at side dressing 90 days after planting. 3 
LSD values are shown (P<0.05) for each of the History and N application main effects.  4 
 5 
Effect of history Effect of N rate/application strategy 












PORP 120.5 17.6 21.2 0N 131.8 17.6 23.2 
PORP-F 
154.5 17.1 26.4 
50N (plant) 
+ 0N (side 
dress) 144.4 17.2 24.9 
Pasture 
153 17.2 26.3 
50N (plant) 
+ 130N 
(side dress) 153.6 17.1 26.2 
Crop 
148.5 16.9 25.1 
0N (plant) + 
180N (side 
dress) 154.8 17.0 26.4 
Bare 
Fallow 154.3 17.4 26.8 
LSD 
(P<0.05) 
7.3 0.4 1.5 
LSD 
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 1 
Table 5 – Interactions between rotation history/soil fumigation, crop cycle and N fertiliser 2 
application rate on cane yield, ccs and sugar yield for the Phase 2 sugarcane plant crop 3 
(2001).The LSD (P<0.05) for the 3-way interaction is shown where statistically significant.. 4 
 5 
History Cycle N Rate Cane Yield 
(t/ha) 
CCS (%) Sugar Yield 
(t/ha) 
PORP  0 112 16.6 18.53 
  150 126.9 15.8 19.98 
  300 130.3 15.2 19.77 
      
BF 1 0 139.2 16.5 22.92 
 1 150 138.6 16.6 23.01 
 1 300 145 16.6 24.09 
Crop 1 0 136.4 16.1 21.94 
 1 150 153.9 16.3 24.94 
 1 300 149.9 15.4 23.08 
Pasture 1 0 146.7 15.8 23.13 
 1 150 152.7 15.9 24.34 
 1 300 170 15.1 25.71 
PORPF 1 0 146 17.1 24.91 
 1 150 151.1 16.9 25.5 
 1 300 157.4 16.3 25.57 
      
BF 2 0 73.1 16.6 12.17 
 2 150 112.6 16.3 18.43 
 2 300 135.9 15.8 21.67 
Crop 2 0 108.7 17 18.37 
 2 150 131.6 16.0 21.03 
 2 300 134.8 16.6 22.34 
Pasture 2 0 133.2 16 21.33 
 2 150 134.3 15.5 20.8 
 2 300 135.7 16.8 22.96 
PORPF 2 0 112.9 16.2 18.29 
 2 150 129.3 16.2 20.91 
 2 300 136.8 15.4 21.32 
LSD (P<0.05)   18.2 ns 3.17 
 6 
 7 
 8 
 9 
 10 
